TNO TPD, in cooperation with Micromega-Dynamics, SRON, Dutch Space and CSL, has designed a compact breadboard cryogenic delay line for use in future space interferometry missions. The work is performed under ESA contract in preparation for the DARWIN mission. The breadboard (BB) delay line is representative of a flight mechanism, with all materials and processes used being flight representative. The delay line has a single stage voice coil actuator for Optical Path Difference (OPD) control, driving a two-mirror cat's eye. Magnetic bearings provide frictionless and wear free operation with zero-hysteresis. Overall power consumption is below the ESA specification of 2.5 W. The power dissipated on the optical bench at 40 K is considerably less than the maximum allowable 25 mW. The design of the BB delay line has been completed. Verification testing, including functional testing at 40 K, is planned to start in the 4 th quarter of 2004. The current design could also be adapted to the needs of the TPF-I mission.
INTRODUCTION
TNO TPD and its partners have a long history in developing delay lines, with a large range of strokes and dimensions. Stroke lenghts varied from a few micron with subnanometer OPD stability (e.g. for the ASTRIUM Nulling Breadboard) to 60 meter and 7 nm RMS OPD stability (ESO VLTI delay line developed by Dutch Space and TNO TPD). The main requirements for the breadboard DARWIN Optical Delay Line (ODL) are given in In addition to the key requirements listed above, other critical items in DARWIN, that affect the design of the optical delay line are:
• The output rate of Fringe Sensor with respect to the DARWIN optical bench disturbance spectrum. If the disturbance spectrum exceeds half of the output rate of the Fringe Sensor, an additional sensor for OPD control will be required in DARWIN (e.g. a laser metrology system) • Straylight • Contamination of the optical surfaces • Ground testing requirements (e.g. with a higher disturbance spectrum, or with the spacecraft in a specific orientation)
Within this study, the responsibilities for the design and development are divided as follows:
• TNO TPD -Project management, systems engineering, optical design and OPD control • Micromega-Dynamics -Guiding system development • SRON -Actuator development and cryogenic consultancy • CSL -Coating engineering and 40K TV facility • Dutch Space -System modelling and 120K TV facility • Alcatel -DARWIN mission level consultancy The design and manufacturing phase will be followed by a comprehensive verification program, including functional testing at 40 K. These tests will be carried out by SAGEIS-CSO.
CONCEPT SELECTION
The selection of the conceptual design for the DARWIN Optical Delay Line, is described in detail in [18] . The selected concept for the advanced ODL consists of: Optics:
2-mirror cat's eye Guiding:
Magnetic bearings constraining 5 Degrees Of Freedom (DOF) with eddy current sensors and central digital controller Actuation:
Single stage with voice coil actuator and digital OPD controller.
The DARWIN breadboard delay line is shown in figure 3 .
The design could also be adapted to the current needs of the TPF-I mission (however, the longer stroke would require the use of a linear motor, instead of a voice coil). TNO is currently developing this linear motor technology for ground based applications.
Fig. 3. DARWIN breaboard Optical Delay Line

DESIGN OF THE OPTICAL DELAY LINE
Optical Configuration
The two-mirror cat's eye contains one parabolic and one flat mirror. The science beam aperture is 26 mm. There is room for an additional metrology beam with a diameter of maximum 15 mm, should the DARWIN mission require this.
The cat's eye structure and mirrors will all be constructed from Al 6061. This makes the design fully athermal. Differential thermal bending is minimised by the application of Alumiplate on the Aluminium mirrors. Both materials have virtually the same CTE. Alumiplate can be diamond turned to a very low surface roughness, and requires no additional polishing [14] . TNO TPD has extensive in-house experience with diamond turning and has already performed tests on 50 mm diameter flat Alumiplate samples. Achieved surface roughness was around 2 -3 nm RMS.
A single layer of reflective Gold coating will applied in the advanced coating facility of the Centre Spatiale de Liege (CSL). Adhesion of the reflective Gold coating on Alumiplate and of Alumiplate on Al 6061 at cryogenic temperatures has already been verified on test samples. 
Guiding Mechanism
The guiding mechanism is based on active magnetic bearings. The magnetic bearing system has been designed by Micromega-Dynamics, who has extensive experience with magnetic bearings, including space mechanisms such as MABE [17] .
Although relatively new for space applications, magnetic bearings offer a number of benefits over conventional guiding systems such as ball bearings and flexures:
• Have virtually zero friction and zero hysteresis • Require no lubrication • Are non-contact and wear free.
• The inherent cleanliness makes them highly suitable for sensitive optical instruments. In addition, the power dissipation is extremely low and mechanical alignment errors can be corrected with active bearing control.
The DARWIN BB ODL will have five magnetic bearings to constrain 5 degrees of freedom (the OPD controller constrains the other degree of freedom). The system is straightforward. In order to limit the power dissipation in the ODL, permanent magnet based reluctance force actuators will be used for the bearings. Each bearing consists of a sensor, permanent magnet and a set of active coils. Control can be either with simple local analogue electronics, or more complex central digital control.
In the last case, the control can be implemented in the same processor as used for OPD control. Figure 5 shows the magnetic bearing configuration. A piece of soft iron is balanced between two permanent magnets. The system is inherently unstable. The permanent magnets are located in the middle of iron pieces. They produce a constant magnetic flux and the coils generate a variable magnetic flux that is added (or subtracted) to (from) the constant one. Eddy current sensors provide position information to the bearing controller, which in turn, keeps the soft iron part centred.
Fig. 5. Active magnetic bearing
Proc. of SPIE Vol. 5528 231
Actuation and OPD Control
The design of the actuator (coil, magnet, electronics) is based on proven hardware used for the ISO mission and currently under construction for HIFI (both for a cryogenic environment). The actuator is being developed by SRON. The voice coil actuator is located at the back of the cat's eye. The coil is attached to the static part of the ODL and the magnet is attached to the moving part, thus preventing disturbance forces caused by electrical wires. For reasons of redundancy, the voice coil consists of two concentric coils, an inner and an outer one.
Fig. 6. ODL Voice Coil actuator
The DARWIN BB ODL will use a digital controller. The controller will be implemented on a real-time Linux PC to enable quick adjustment and fine tuning of control parameters during the development phase. For the DARWIN mission, the control algorithm will be implemented in a low power digital processor. The control model is shown in figure 7 . The OPD sensor in DARWIN (Fringe Sensor) will be simulated by a laser metrology system with subnanometer resolution. This has the advantage that a large range of control bandwidths can be tested, e.g. to cope with a much higher disturbance spectrum during ground testing. With the advanced control algorithms that have been developed by TNO TPD during the passed decennium, a rejection ratio of upto 1:3.000 can be achieved, thus enabling nanometer stability, even in an environment with high frequency disturbance.
In path stabilization mode the control system needs to reject a stochastic-type disturbance by means of a feedback action (there is no advance information available). For this type of regulator system fundamental limits on the performance apply. The maximum, theoretical achievable disturbance rejection depends on the spectral characteristics of the disturbance together with the total loop delay. Here, we have assumed that the plant dynamics -other than the delaycan be compensated for perfectly. In general, the maximum achievable disturbance rejection improves with a more narrowband disturbance spectrum and a smaller loop delay. To illustrate the theoretical optimum performance, simulations have been performed for rejection of the micro-vibration disturbance and a simplified plant model of the opto-mechanical structure only. Experimental results at TNO TPD and Dutch Space on other delay lines, show that the predicted rejection ratio is achievable.
CONCLUSION
Analyses show that the design of the DARWIN BB ODL meets all ESA requirements. The use of a two-mirror cat's eye, magnetic bearing guiding and single OPD actuator, results in an extremely compact mechanism. The DARWIN BB ODL is representative of a future flight mechanism, with all materials and processed used being flight representative.
The estimated mass of the ODL will be below 2 kg and the approximate envelope will be approximately 200 x 100 x 100 mm (100 mm less than the ESA requirement). Overall electrical power dissipation will be well below 2.5 W, and the electrical power dissipation on the optical bench will be considerably below the maximum allowable 25 mW.
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